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Compared with other systems, they provide a large heat transfer area in a 5 reduced volume and, concerning filtering, they avoid common operational 6 problems that are typical of fixed-bed or ceramic filters, such as the pressure 7 drop increase during operation.
8
Several studies can be found in the literature concerning flow patterns 9 and particles velocity in moving beds, as for example the works by Hsiau et 10 al. [1] [2] [3] as well as on the heat transfer between gas and particles in fixed or 11 moving beds [4] [5] [6] [7] [8] [9] . Moving beds are often found in heat recovery systems, trioxide in a moving bed during the process to obtain uranium tetrafluoride.
34
This article focuses on the design of a MBHE based on energy criteria
35
(increasing heat transfer without dramatically increasing the power consump-36 tion needed to move the two flows) with emphasis on solid conduction effects.
37
On a previous article [19] we presented an exergy analysis of the MBHE, in 38 which an optimized length (in the fluid flow direction) and solids particle 39 diameter were obtained. In the following, the relative importance of conduc-40 tion in the solid phase is analysed and different approaches are presented to 41 define the adequate parameters (particle diameter and the velocities of both 42 flows) for a given application.
43
In the results showed along this article, the fluid is air and there is no 
52
In the following we will assume the 2D geometry showed in Figure 1 (b) for 53 the heat transfer analysis.
54
[ Table 1 
(
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T and θ are the gas and solid temperature respectively and a s is the superficial 62 particle area per unit of volume. When the fluid used in the MBHE is a gas 63 the diffusion term of equation (1) the wall has the same damped harmonic behavior as the local bed porosity.
98
But once again the local gas velocity oscillation damped when the Reynolds 
100
On the other hand, several works have dealt with the gas distribution 101 in a moving bed and the plug flow assumption for the gas phase. 
125
In view of these findings [20] [21] [22] [23] [24] [25] [26] [27] [28] , the assumption of plug flow for both 126 solid and gas phase will be considered acceptable if the dimensions of the 127 bed are larger than ten times the particle diameter. Therefore, assuming a 128 2D geometry (see Figure 1 (b)) and steady state conditions, the governing 129 equations (1) and (2) can be written in compact and non-dimensional form
where
are the non-dimensional temperatures, varying between 0 and 1,
are the non-dimensional horizontal (x-direction) and vertical (y-direction)
134
coordinates respectively, and
are the non-dimensional conductivities in the direction of the gas flow and 136 in the direction of the solid flow respectively. The value of the thermal 137 conductivity in the direction of the gas flow was obtained using the correlation 138 proposed by Krupiczka [29] , and the thermal conductivity in the direction of The equation system (3) has also an analytical solution when the con-153 duction terms are negligible, which is usually accepted for high Reynolds 154 numbers [31] . Then, the equation system (3) becomes:
The two boundary conditions needed to solve the equation system (7) are
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With such conditions, according to Saastamoinen [32] and previous authors,
157
the analytical solution for the non-dimensional gas and solid temperatures
3. Analysis 
Moreover, Equation (12) because when the restriction of Equation (12) is used over the definitions of 213 Equation (6), it follows that of the MBHE, defined as M BHE =Q/Q max , by Equation (14) 228
Thus, a value of T out close to zero implies a higher efficiency of the MBHE.
229
The differences between zero, small, medium and large conduction terms are should be
Nevertheless, Equation (15) can be fulfilled for rather small values of the 251 solid conductivity, considering small particles and small convection coeffi-252 cients based on the air-particle interaction.
253 Figure 4 (a) shows a contour plot of the conduction term in the gas flow 254 direction as a function of gas velocity and particle diameter for the steel 255 spheres considered in the nominal case. Note that the convection coefficient 256 depends on both gas velocity and particle size, increasing with the gas veloc-257 ity and decreasing when the particle size is increased. In view of this figure, 
304
For any MBHE, the heat transferred between gas and particles and the 305 power consumed to pump the gas can be calculated per unit of gas mass flow 306 with Equations (16) and (17), while the power required to raise the particles 307 per unit of solids mass flow is expressed according Equation (18).
The gas pressure drop ∆P can be obtained from Ergun equation [34] :
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Although Ergun equation was obtained for fixed (instead of moving) beds,
310
the solids velocity in a MBHE is orders of magnitude lower than the gas 311 velocity. Therefore, the particle movement can be neglected for pressure 312 drop calculation in the majority of MBHE applications.
313
Equation (18) can be modified for a "square" MBHE taking into account 314 Equation (12) as follows
Equation (20) has been expressed per unit of gas mass flow (instead of solids 316 flow) to be in concordance with Equations (16) and (17).
317
The results of the power requirements (Equations (17) and (20)) and 318 heat transfer (Equation (16)) per unit of gas mass flow and for "square" heat 319 exchanger are presented in Figure 5 as a function of the relevant parameters.
320
The heat transfer is a function of the maximum temperature difference and of 321 the non-dimensional length (that defines T out , as shown in figure 3(a) ). The 322 heat transferred is shown both assuming or neglecting conduction effects.
323
The power consumed to pump the gas is a function of particle diameter and 
326
= 0.4) and properties (both densities, ρ s and ρ g , gas specific heat c p,g and 327 the dynamic viscosity µ g ) are taken from the nominal case (see Table 1 ).
328
[ Figure ence between the two flows, but it is always one to two orders of magnitude 337 larger than the power to pump the gas.
338
Nevertheless, the dependence of the energy variables with the MBHE di- 
Conclusions
363
The heat transfer analysis of the MBHE shows that large values of solid 364 conductivity in the solid phase reduces the efficiency of the heat exchanger 365 because the width of the region were heat is transferred is augmented, and 366 as a consequence the mean outlet temperature of the cold stream is reduced.
367
Consequently, solids with low conductivity should be selected, although a 368 minimum conductivity is necessary in order to assure that the temperature 369 is uniform in the solid phase, i.e. the Biot number should be lower than 0.1.
370
Thus, to increase the efficiency of a MBHE a compromise between particle 371 size and solid conductivity should be reached fulfilling the limit imposed by 372 the Biot number.
373
Regarding the other energy interactions (power consumed to pump the 374 gas and to raise the particles), these are orders of magnitude lower than the 375 heat transferred in the range of particle sizes and gas velocities studied and 376 for temperature differences larger than 100 K. Nevertheless, for a proper 377 analysis, the efficiency of the systems employed for pumping the gas and 
